Estimates of greenhouse gas emissions, quantified at fine space and time scales, has become a critical component of new multi-constraint flux information systems in addition to providing relevant information to decisionmakers when considering GHG mitigation opportunities. The 'Vulcan Project' is an effort to estimate bottom-up fossil fuel emissions and CO2 emissions from cement production (FFCO2) for the entire United States landscape at space and time scales that satisfy both scientific and policy needs. Here, we report on version 3.0 of the Vulcan emissions which quantifies FFCO2 emissions for the U.S. at a spatial resolution of 1km x 1km and hourly temporal resolution for the 2010-2015 time period. We provide a complete description of the updated methods, data sources, results, and comparison to a global gridded FFCO2 data product. We estimate FFCO2 emissions for the year 2011 of 1589.3 TgC with a 95% confidence interval of 1299/1917 TgC (+18.3%/-20.6%), implying a one-sigma uncertainty of ~ ±10%. We find that per capita FFCO2 emissions are larger in states dominated by the electricity production and industrial sectors and smaller in states dominated by onroad and residential/commercial building emissions. The center of mass (CoM) of FFCO2 emissions in the US are located in the state of Missouri with mean seasonality that moves on a NE/SW near-elliptical path. Comparison to ODIAC, a global gridded FFCO2 emissions estimate shows large differences in both total emissions (100.
1 spatial and temporal "conditioning" (e.g. downscaling, interpolation, proxy surrogates), where needed, is used to 2 arrive at an hourly representation for six complete calendar years (2010) (2011) (2012) (2013) (2014) (2015) at the spatial resolutions of a US 3 Census block-group or finer (e.g. points, lines). The FFCO2 emissions are further processed to regularized hourly 4 grids at a resolution of 1 km x 1 km, for the contiguous United States and Alaska. The FFCO2 emissions represent 5 all fossil fuel combustion extending 12 nautical miles from the coastal boundary of the United States. The data sources for the FFCO2 emissions estimation are organized here by data source type and/or the economic 8 sector in accordance with original data collection/categorization (see Table 1 ). This paper describes the scientific 9 methodology used to generate the Vulcan v3.0 FFCO2 emissions but should be considered in combination with the 10 published results for the earlier version 2.0 Vulcan results (Gurney et al., 2009; Zhou et al., 2011) and the Vulcan 11 version 2.0 documentation (http://vulcan.rc.nau.edu/assets/files/Vulcan.documentation.v2.0.online.pdf).
12
Uncertainty quantification relies on the characterization of a 95% confidence interval (CI). Due to the considerable 13 runtime of the Vulcan codebase, only the boundaries of the upper and lower CI are estimated (referred to as "hi" and 14 "lo" CI bounds). Future versions of the Vulcan data product will quantify the complete uncertainty distribution of 15 the Vulcan FFCO2 emissions output. 
16

6
There is an updated document and it is API 2009: Table 3 
12
(1) 13 where , are the CO2 emissions for a process n (e.g. industrial 10 MMBTU boiler, industrial gasoline 14 reciprocating turbine) and fuel f (e.g. natural gas, bituminous coal); are the equivalent amount of CO 15 emissions for a process n and fuel f; is the CO emission factor for a process n and fuel f; and is 16 the CO2 EF for a process n and fuel f. The CO EF is retrieved from two categories of source information: 1) "self-
17
reported" values (supplied by state or federal air quality specialists submitting the CO emissions reporting: Table S2 ). For the industrial sector, data is insufficient to support specificity to US Census Division. Hence, the 3 national average results are used but specific to industrial NAICS category and fuel category.
4
Where insufficient data existed to support Census Division-specific NE-EUI values in any of the three sectors, an 5 average was calculated using all other Division/building type/fuel-specific NE-EUI values.
6
The product of the total building area for a given Census block-group/sector/building type combination and the 7 sector/building type/fuel NE-EUI values act as a distributional fraction of the county total county/sector/fuel FFCO2 8 to each Census block-group. Hence this acts to provide a relative distribution of building FFCO2 emission within a 9 US county only.
10
The time distribution of the annual FFCO2 emissions for the nonpoint data source uses a building energy model, 11 eQuest, to generate simulated building energy consumption which, in turn, is used to represent hourly time patterns 12 (Hirsch & Associates, 2004) . The eQuest simulations are based on a series of building prototypes which must be 13 related to the FEMA building typology (in turn, related to the final Vulcan building types -see Table S2 ) of the
14
Vulcan system. This relationship is shown in supplementary material, Table S3 .
15
To capture the local weather/climate conditions, the eQuest model is additionally driven by the 1020 "TMY3 16 weather station datasets (http://doe2.com/Download/Weather/TMY3/) from the DOE (Marion and Urban, 1995).
17
The weather statistics reflect the 1991-2005 climatological mean conditions. The resulting simulations are used to 18 generate hourly fractional energy consumption for each of the weather station locations and for each of the building 19 types listed in Table S3 . The closest weather station location to each of the Census block-group centroids is used to 20 assign these hourly fractional time series to a given block-group/building type combination. 
30
An uncertainty of ±20% is applied to both the default and self-reported CO EFs regardless of fuel type. An 31 exception to this is for the "blast furnace gas" and "coke oven gas" fuel types in which the adjustment is ±35%
32
( The point emissions represent facilities with a physically identifiable emission "stack" or point location and exceed 2 a specific criteria air pollution threshold (USEPA 2015c). The NEI point source data files are primarily comprised of 3 processes associated with the industrial and airport sectors but emissions from the commercial, railroad, nonroad, 4 and electricity production sectors are present as well (USEPA 2015a).
5
A number of key fields that define a point location for the purposes of the Vulcan FFCO2 emissions estimation 6 within the point database and include the state and county FIPS code, the "state facility identifier" (which identifies 7 the individual emitting facility) and the tribal code (used in place of the FIPS in tribal lands). Each site or facility 8 can have multiple emission points (different "stacks"), units (different buildings or portions of a complex facility or 9 site), or emission processes (e.g. energy production, heaters, engines). Some of the emitting points/units/processes 10 can have different geocoded locations and these are retained in the Vulcan processing. Hence, exact latitude and 11 longitude is critical for allocation to the physical US landscape. Corrections to location information were made in 12 urban domains associated with the Hestia Project : the Los Angeles Basin, Baltimore, Salt Lake City, and 13
Indianapolis (e.g. Gurney et al., 2018; 2019b) .
14 Each point emission record is also associated with an SCC which is used to retrieve the needed CO and CO2 EFs to 15 enact the same procedure outlined in the description of the nonpoint source processing. In the case of the point 16 sources, no self-reported EFs are supplied. Separation is first made between airport point sources (processing of 17 which is described in a later section) and non-airport point sources. The non-airport point sources are matched to a 18 CO EF via the SCC from the EPA's WebFIRE EF database as the first choice for the CO EF. Where no match is 19 found, default CO EF values are used, themselves archived from literature review (see Table 2 ) and determined 20 through a combination of the sector and fuel. 14 For the default EF uncertainty, the CO and CO2 EFs were adjusted in combination in a fashion similar to that 15 described in the nonpoint source section and the same percentage numerical boundaries described there were used.
16
For the records that use the WebFIRE CO EFs, an uncertainty value of ±20% is used for the 95% CI bounds. , 2003) . The third is the reporting done within the NEI point source reporting (described previously).
22
Overlap exists between these three data sources (corrected in the processing here) which is corrected according to 23 the prioritization in the order listed above. A detailed comparison made between the CAMD and EIA FFCO2 24 emissions along with greater detail regarding data sources, data processing and procedures can be found in Gurney 
32
The EIA dataset is derived from the EIA reporting form 923, which reports monthly data on receipts and cost of 33 fossil fuel, fuel stocks, generation, consumption of fuel for generation, and environmental data at each power plant 
4
Some manual corrections are performed to the geocoordinates of both the CAMD and EIA electricity production 5 data, as a result of searching in Google Earth or via alternative online information resources (e.g. utility websites).
6
A hierarchy was employed given that there was overlap between the two datasets. This was performed at the unit 7 level given that a single facility might have individual power units reporting to CAMD and another only reporting to 8 the EIA. Where overlap did exist at this scale, preference was made to retain the CAMD data. Further details and 9 rationale can be found in Gurney et al. (2016) .
10
The CAMD reporting data is archived at the hourly temporal scale and directly used in Vulcan. The EIA electricity 11 production reporting is resolved at the monthly scale. This is transformed into hourly reporting using a "flat" time 15 Table 4 provides a summary of the electricity production data totals for the three data sources.
16 Table S4 ).
21
The distribution of the county-scale road/vehicle-specific FFCO2 emissions along the complete length of road class 22 in a county, is achieved through the use of the 2011 AADT data from the FHWA's HPMS 3
Carrying out the spatialization procedure across all counties in the United States, it became clear that there were 4 some mismatches between NEI road class VMT and the AADT on the HPMS road network. For example, there 5 were instances in which onroad FFCO2 emissions were present in a county for a particular road class, but for which 6 no AADT data existed and vice-versa. These mismatches could be due to the demarcation of urban versus rural 7 roads. As noted previously the roads were divided into urban and rural classes based on the US Census Urbanized 8
Areas. This may differ from the choices made when state officials were generating the county database inputs for the 9 EPA (if the NEI estimate uses state-supplied data in the MOVES onroad emissions estimate, for example). While 10 the HPMS AADT data has an urban code, we used the US Census Urbanized Areas to divide a road classes so that 11 the urban/rural classification would be consistent between the OSM and HPMS basemaps.
12
In cases where emissions were reported for a road class in NEI, but for which there were no physical roads in our
13
AADT gap-filled basemap, the emissions reported in NEI were moved to the next closest road class with AADT.
14 The closest road class is the urban or rural counterpart within the same class-size, and the second-closest being the 15 road class that is the next class-size down. In cases where AADT was present for a road class, but no NEI FFCO2 16 emissions were reported for that road class, FFCO2 emissions were redistributed from the next closest road class,
17
proportional to VMT. For example, if the NEI reports emissions for urban interstates, but VMT was estimated for 18 both urban and rural interstates, then the NEI reported emissions would be redistributed from urban interstates to 19 rural interstates proportional to the VMT in each road class.
20
In the state of California, the EMFAC results were crosswalked from county-scale, vehicle class-specific FFCO2 21 emissions to totals that include road class. These FFCO2 emissions were distributed onto road segments in the same 22 manner as done for other states. However, unlike other states, there were no cases in which the EMFAC onroad 23 FFCO2 emissions needed to be "shuffled" to partner road classes. 
6
In order to distribute the temporal distribution measured at the gap-filled CCS measurement stations to all road 7 segments in the US, interpolation/extrapolation of the traffic patterns is required. Given the paucity of traffic 8 measurement stations relative to the total area of the US landscape and the fact that the temporal distribution of 9 traffic is less related to road class than space, it was determined to aggregate the eight road classes to four,
10
"temporal" road classes for purposes of spatial interpolation. There is evidence that interstates have unique traffic 11 patterns from all other road classes due to the preponderance of interstate trucking commerce. Furthermore,
12
interstate usage in cities is a mix of passenger vehicles and commercial trucking while rural interstates are 13 dominated by commercial trucking. Hence, the road classes chosen for the purposes of temporal interpolation were:
14 rural interstate, urban interstate, rural non-interstate, and urban non-interstate. Figure 1 shows the CCS measurement 15 locations aggregated to these four temporal road classes. (2), making this an inverse distance squared method. , (2013) . This uncertainty was estimated at ±7.1% for a presumed 1-sigma uncertainty.
13
Here, we have assigned ±14.2% to the 95% CI boundaries for all road types. 
10
As with the onroad sector, California presents a special case. The CO emissions are reported comprehensively using
11
California's OFFROAD model (www.arb.ca.gov/msei/offroad/offroad.htm ) but no CO2 was reported. Hence, we 12 scaled the California CO emissions by the mean SCC-specific CO2/CO ratio from all other US counties.
13
Spatial distribution uses the spatial surrogates generated by the EPA reflecting a series of spatial representations 14 such as the mines, golf course and agricultural land (The shapefiles can be found here: (https://hub.arcgis.com/datasets/4782d6f5aa844591a16d46df635b7af4_1). Airports which could not be matched to 1 the OPSNET data by airport code/airport name were assigned a temporal invariant ("flat") hourly time structure. were used to determine whether an airport was an airport or a helipad. The name/code of each airport was searched 7 in these airport databases. An airport which could not be identified in any of the aforementioned airport databases 8 would be categorized as a helipad. A temporally invariant time structure was applied to all helipads.
9
A portion of the Vulcan v3.0 CMV FFCO2 emissions would be considered "bunker" fuel combustion (i.e. consumed 10 as part of international travel) under the IPCC reporting methodology within the UNFCCC process. Vulcan does not 11 separate bunker from non-bunker fuel consumption and a portion of the airport sector emissions (particularly 12 international air flights) would be considered as such were the IPCC reporting categorization applied here. No 13 attempt has been made to limit or seperately report airport emissions that would be considered part of the bunker 14 fuel definition.
15
Uncertainty
16
The uncertainty in the airport sector is derived from the point source processing as described previously (magnitude 17 and EF-based uncertainty) except that the CO2 EFs are specific to the mix of aviation fuels associated with the 
7
The annual railroad FFCO2 emissions are distributed to the hourly timescale with no additional temporal structure (a 8 "flat" time distribution), unless they originated from point source data for which the SCC-specific time profiles, 9 previously described, are used.
10
Uncertainty 11
The uncertainty for the railroad emissions is directly inherited from the uncertainty estimation described for the waters) would be considered as such were the IPCC reporting categorization applied here. No attempt has been 28 made to limit or seperately report CMV emissions that would be considered part of the bunker fuel definition.
29
The spatialization utilized the EPA shapefiles that delineate US ports and US shipping lanes through spatial IDs 30 associated with the emission records (https://www.epa.gov/sites/production/files/2015-06/ports_20140729.zip; 31 https://www.epa.gov/sites/production/files/2015-06/shippinglanes_072914.zip). In the instance that no spatial entity 32 is identified for an emission record, a simple spatial alternative is employed whereby all the unlinked port (or "underway") emissions are summed within a county and evenly distributed to the shapes that are identified within 1 that county (either ports or shipping lanes).
2
The CMV sector has no data allowing for the designation of hourly time structure. Hence, the emissions are 
12
derived CO2 emissions result from the chemical process that converts limestone to calcium oxide and CO2. This 13 occurs during "clinker" production (clinker is the raw material for cement which is produced by grinding the clinker 14 material).
15
Estimation of CO2 emissions from clinker production utilizes two datasets. The first is the data provided by the Survey which provides the capacity factor (or percent utilization of capacity) on a statewide or multi-state basis 20 (some states are quantified individually, others are part of an aggregate) (USGS 2013). The product of capacity and 21 the capacity factor provides an estimate of clinker production.
22
Clinker production for 2011 is scaled from the Vulcan version 2.0 (CY 2002) estimate (Gurney et al., 2009) using 23 the relative annual capacity factor. The CO2 emission factor used in the Vulcan Project is 0.59 metric tonnes 24 CO2/short ton of clinker produced (IPCC, 2006) .
25
The geolocation for each of the individual facilities was achieved by entering the PCA document's facility address
26
into Google Earth and visually inspecting the scene for the primary emitting stack of the cement facility. This 27 approach succeeded in locating all 105 facilities present in the PCA document.
28
The EPA estimates cement manufacturing in 2011 to account for 32.2 MtCO2/year (USEPA 2017). These estimates,
29
in turn, are based upon throughput estimates from the U.S. Geological Survey. Vulcan estimates a total of 34.6
30
MtCO2/year which compares well with the cement manufacturing estimate from the EPA.
31
The cement sector has no data allowing for the designation of hourly time structure. Hence, the emissions are evenly 32 distributed over all hours of the year (a "flat" distribution). The uncertainty in the cement emissions sector is currently prescribed as +/-10% for the 95% CI. We use a 2 comparison between the facility-scale sum of clinker production in a state and the USGS state throughput (estimated 3 from the capacity factor and capacity). The mean percentage difference across all states and multistate aggregates 4 was 9.8%, which was rounded to 10% and intepreted as a 95% CI value. Table S8 .
10
Exceptions to the use of the EIA SEDS database were made for the electricity production, railroad and CMV 11 multiyear scaling. Electricity production FFCO2 emissions are monitored on an hourly basis for all the output 12 derived from the CAMD data (92.4% of the total electricity production emissions) and on a monthly basis for all of 13 the EIA reported data (6.2% of the total electricity production emissions). The remaining NEI reported electricity 14 production emissions (1.4% of the total electricity production emissions) use the EIA SEDS multiyear ratios.
15
In the case of the railroad sector, state-scale EIA specific to distillate fuel oil sales to the railroad sector was used
16
(http://www.eia.gov/dnav/pet/pet_cons_821dsta_a_epd0_val_mgal_a.htm) to construct the year-to-year ratios 17 relative to 2011. This data is used in generating the results in the EIA SEDS database but is aggregated and thus not 18 as specific to the railroad sector as needed. Large year-over-year ratio values were found for a few individual years 19 in low-population states (Nevada, Rhode Island, New Mexico, Hawaii). Values that exceeded 5.0 were replaced by 20 the year-specific US average ratio.
21
The procedure for the CMV FFCO2 emissions is similar but combines the EIA data on distillate fuel oil sales for 22 "vessel bunkering use" (http://www.eia.gov/dnav/pet/pet_cons_821dsta_a_epd0_vab_mgal_a.htm) with residual 23 fuel oil sales for transportation (http://www.eia.gov/dnav/pet/pet_cons_821rsda_a_eppr_vat_mgal_a.htm). As with 24 the railroad sector application, large year-over-year ratios were filtered (those exceeding 5.0 were replaced by the 25 US national average).
26
The ratio values are applied to the annual totals in each of the sector/fuel categories specific to the state FIPS code to 27 generate a multiyear time series. 
29
Annual sector totals are provided in Table 6 : 1268, 1857) , a decline driven almost entirely by electricity production 2 FFCO2 emissions. Electricity production is the largest emitting sector in all years, followed by the onroad and 3 industrial sectors, respectively. 4 (1338, 1977) 1589.3 (1299, 1917) 1529.4 (1249, 1846) 1567.9 (1284, 1889) 1584.6 (1300, 1908) 1543.7 (1268, 1857) The order of the 2011 FFCO2 emitting sectors ( Figure 3 ) varies regionally (US Census Regions) with the electricity 7 production sector accounting for the largest share in the Midwest (44%) and South (46%) while onroad emissions 8 account for the largest share in the West (32%) and Northeast (29%). The sum of the commercial and residential 9 sectors are a larger share of total emissions in the Northeast (22%) than in the other three regions (6%-11%). The Table S9 .
11
Per capita emissions vary across the states, with the largest in the state of Wyoming (38.5 tC/person) and the 12 smallest in Washington DC (2.11 tC/person) and California (2.81 tC/person). The median total per capita FFCO2 13 emissions at the county-scale are 3.80 tC/person (see Figure S3 in supplementary material). It is worth noting that 
5
The Vulcan FFCO2 emissions are quantified at the sub-national scale according to three general shape types: points 6 (e.g. electricity production, industrial point reporting), lines (e.g. onroad) and polygons (e.g. nonroad, residential).
7
For use in atmospheric transport modeling and ease of use in analysis, these results are gridded using a 1km x 1km 8 regular grid (Figure 5a ). The importance of urban areas is clearly demonstrated in the complete US mapped 
5
A center of mass (CoM) is a useful and compact metric to understand and illustrate the spatial changes in fossil fuel 6 CO2 emissions over time (Gregg et al., 2009) . The CoM summarizes the distribution of emissions in the same way 7 as the mean summarizes a probability distribution (Asefi et al., 2014) . Figure 6 shows both the multiyear and Vulcan. Hence, we perform comparison to the ODIAC output over the Vulcan domain in the hope of providing 9 insight into one or both of the emission estimates. We masked the ODIAC output with a mask that includes all land 10 surface gridcells and all gridcells offshore for which Vulcan possesses a non-zero emission value. We estimate the 11 ODIAC emissions to be 1453.7 TgC/year for the year 2011. The same mask applied to Vulcan results in FFCO2 12 emissions of 1553.8 TgC/yr or a difference of 100.1 MtC/yr (7.6%). We also removed all CMV emissions from 13 Vulcan due to the fact that the ODIAC 1km x 1km data product does not include any bunker fuels in the emissions.
14 We make no adjustment to the Vulcan airport emissions, though a portion is also likely in the bunker fuel category.
15
The inability to precisely isolate the bunker fuel amounts from Vulcan will result in comparison uncertainties but 16 these are considered small relative to the scale at which the comparison is made.
17
At the individual gridcell spatial scale, further detail on differences between the two data products can be examined 
3
When presented explicitly in space, total ODIAC and Vulcan FFCO2 emissions show similar spatial patterns at the 4 domain-wide scale, characterized by large concentrations in urban centers across the US landscape, particularly 5 along the Northeastern seaboard and the upper Midwest (Figure 9a, 9c ). ODIAC exhibits large numbers of gridcells 6 in rural areas across the Western U.S. with no emission value, likely due to the lack of a nighttime light signal in 7 those areas. This is further demonstrated by the emission histogram (Figure 9b, 9d ) whereby ODIAC has a distinct 8 lower cutoff at 11.02 tC/yr (natural log of which is 2.4) compared to Vulcan which has a more continuously 9 declining low value distribution. The maximum emission frequency bin for ODIAC is centered at 23.3 tC/yr 10 whereas the equivalent value for Vulcan is 12.8 tC/yr. Vulcan gridcells in these areas have emission values but they 11 are small in comparison to more populated areas and can be dominated by nonroad emissions which use large spatial 12 proxies for distribution. In estimating the gridcell-scale relative emissions difference (GRD), these pairs are 
5
After adopting the US census "urbanized area" boundary definition (https://www.census.gov/programs-6 surveys/geography/guidance/geo-areas/urban-rural/2010-urban-rural.html), total US FFCO2 emissions within these 7 urban area boundaries come to 45.1% of the total Vulcan FFCO2 contiguous US emissions in 2011 (709.6 TgC). We 8 narrow urban emissions to the sum of residential, commercial and onroad in an effort to eliminate emissions sectors 9 that are often historically artifactual to location within a given urban area (e.g. power plants, industrial facilities) and 10 hence, less directly related to urban residents and their emitting activities. The sum of these three sectors within the 11 urbanized area boundary accounts for 65% of the these same three sectors at the national scale, slightly less than the 12 proportion of the US population within the urbanized area boundary, 73%. This indicates that for the sum of the 13 residential, commercial and onroad sectors, urban residents emit less per capita than non-urban residents in the 14 contiguous US. 
23
Attempts will be made to update the Vulcan FFCO2 emissions on a roughly bi-annual basis, depending upon support 24 and the availability of data sources described in this study. 
12
We find that per capita FFCO2 emissions are larger in states proportionately dominated by the electricity production 13 and industrial sectors and smaller in states proportionately dominated by onroad and residential/commercial building 
